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17	years	 of	 temperature	 and	 rainfall	manipulations	 in	 a	 species-	rich	 grassland	near	
Buxton,	UK.	We	compared	shifts	in	microbial	community	structure	to	changes	in	plant	
species	composition	and	key	plant	traits	across	78	microsites	within	plots	subjected	to	
winter	heating,	 rainfall	 supplementation,	or	 summer	drought.	We	observed	marked	
shifts	in	soil	fungal	and	bacterial	community	structure	in	response	to	chronic	summer	




ments.	 There	was	moderate	 concordance	 between	 soil	microbial	 communities	 and	
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the	 rate	 of	 ecosystem	 processes	 (McGuire	 &	 Treseder,	 2010),	 and	
hence,	identifying	the	responses	of	microbial	communities	to	change	
is	an	important	first	step	to	determining	the	functional	consequences	
for	 ecosystems	 (Wallenstein	 &	 Hall,	 2012;	 Zak,	 Pregitzer,	 Burton,	
Edwards,	&	Kellner,	2011).
Soil	microbial	 communities	 carry	 out	 the	 bulk	 of	 decomposition	
(Swift,	 Heal,	 &	Anderson,	 1979)	 and	 catalyse	 many	 important	 pro-
cesses	that	drive	terrestrial	carbon	and	nutrient	cycling	(Schlesinger,	
1991).	 Changes	 in	 precipitation	 and	 temperature	 can	 affect	 soil	








ization	of	 organic	matter,	which	 requires	 the	 combined	 activities	 of	
many	 different	 microorganisms	 (Burns	 et	al.,	 2013).	 This	 reciprocal	
exchange	 of	 resources	 between	plants	 and	 soil	microbial	 communi-
ties	 underpins	 ecosystem	 function,	 succession,	 and	 recovery	 from	
disturbance	(Reynolds	et	al.	2003)	and	is	hence	central	to	ecosystem	
responses	to	global	change.
Contrary	 to	 the	 widely	 held	 view	 that	 high	 functional	 redun-
dancy	of	microorganisms	confers	 resilience	and	 resistance	of	 com-
munities	 to	perturbations,	 soil	microbial	 communities	are	generally	
sensitive	 to	change	and	not	 immediately	 resilient	after	disturbance	






and	 higher	 potential	 carbon	 use	 efficiency	 compared	 to	 bacteria	
(Waring,	Averill,	&	Hawkes,	2013).	The	 lower	nutrient	 requirement	
of	 fungi	 and	 their	 ability	 to	 degrade	 recalcitrant	 plant	 litter	 gives	
them	 an	 advantage	 when	 resource	 quality	 is	 low,	 whereas	 rapid	











with	 broad	 tolerances	 and	 resource	 use	 (Wallenstein	&	Hall,	 2012).	












can	 rapidly	 affect	 soil	 microbial	 communities	 (Allison	 &	 Martiny	
2008),	 long-	term	experiments	are	required	to	assess	 indirect	effects	
via	changes	 in	plant	species	composition,	especially	 in	systems	with	
stress-	tolerant,	 slow-	growing	 vegetation.	 Importantly,	 differences	 in	
the	 resource	 use	 and	 adaptive	 capacities	 of	 generalist	 and	 special-
ist	 soil	microorganisms	 also	make	 plant-	mediated	 effects	 of	 climate	
change	much	harder	to	predict	than	the	direct	effects	of	changes	to	
the	 abiotic	 environment.	As	 a	 result,	 community-	level	 responses	 to	
long-	term	chronic	changes	could	differ	substantially	from	the	immedi-
ate	responses	to	short-	term	perturbations	(Schimel	et	al.,	2007).
We	 investigated	 long-	term	 changes	 in	 soil	 bacterial	 and	 fungal	
communities	at	the	Buxton	Climate	Change	Impacts	Study	(henceforth	
“Buxton”),	 where	 temperature	 and	 rainfall	 have	 been	 manipulated	
since	 1993.	 Although	 the	 vegetation	 in	 this	 nutrient-	poor	 ancient	
grassland	has	proven	remarkably	resistant	to	change	at	the	commu-
nity	 level	 (Grime	et	al.,	2008),	there	has	been	substantial	small-	scale	
turnover	 in	plant	species	composition	within	microsites	 (100	cm2)	 in	
response	to	summer	drought	and	winter	heating	treatments	(Fridley,	
Grime,	Askew,	Moser,	&	Stevens,	2011).	Detailed	existing	data	on	plant	




hypothesized	 that	 long-	term	 climate	 manipulations	would	 alter	 soil	
microbial	communities	and	that	the	shifts	in	soil	fungal	and	bacterial	




in	 Derbyshire,	 UK.	 Climate	 treatments	 are	 applied	 to	 3-	m	×	3-	m	
plots	in	five	fully	randomized	blocks;	a	full	description	of	the	site	and	
experimental	design	is	given	in	Grime	et	al.	 (2000,	2008).	The	treat-
ments	 sampled	 in	 the	 present	 study	 were:	 “heated”	 to	 3°C	 above	
ambient	 temperature	 from	 November	 to	 April;	 “drought”	 in	 which	
rainfall	 is	 excluded	 during	 July	 and	 August;	 “watered”	 with	 water	
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supplementation	of	20%	above	the	 long-	term	average	from	June	to	
September;	and	nonmanipulated	controls.	Between	2006	and	2008,	






































using	 restriction	 endonuclease	 MspI	 for	 bacteria	 (Thomson	 et	al.,	
2010)	 and	 Taq1	 for	 fungi	 (Jasalavich,	 Ostrofsky,	 &	 Jellison,	 2000;	







the	 four	microsites	 per	 plot.	 This	 approach	 provides	 a	 semiquanti-





All	 statistical	 analyses	 were	 carried	 out	 in	 R	 version	 3.2.3	 (R	 Core	
Team	2014),	and	all	multivariate	analyses	were	performed	using	the	
vegan	 (Oksanen	 et	al.,	 2011)	 package.	As	 soil	 depth	 and	 pH	within	
microsites	 were	 inversely	 correlated,	 we	 used	 the	 first	 axis	 scores	
from	a	principal	 components	analysis	of	multiple	 soil	depth	and	pH	
measurements	 to	 characterize	 each	 microsite	 (Fridley	 et	al.,	 2011;	
henceforth	“microsite	scores”).	For	each	microsite,	we	also	 included	
plant	species	data	from	Fridley	et	al.	(2011,	2016)	representing	eight	
10-	cm	×	10-	cm	 quadrats	within	 each	 3	×	3-	m	 plot	 and	 community-	
weighted	plant	trait	data	from	Fridley	et	al.	 (2016),	representing	the	
quality	 and	 quantity	 of	 resources	 available	 to	 soil	 microorganisms:	













within	blocks	of	 replicate	plots	 (permutest	 function).	We	used	non-
metric	multidimensional	scaling	(NMDS)	based	on	Bray–Curtis	dissim-
ilarities	 to	 represent	 shifts	 in	 soil	microbial	 communities	 (metaMDS	




the	 effects	 of	 microsite,	 climate	 treatments,	 extracellular	 enzyme	
activities,	and	key	plant	traits;	significance	values	were	generated	with	
9,999	random	permutations	stratified	within	experimental	blocks.
Pairwise	 concordance	 between	 plant	 species	 composition	 and	







comparisons	 for	 each	 year.	 Plant	 species	 composition	 was	 highly	
correlated	 between	 survey	 years	 (Procustes	 correlation:	 m2	=	.58,	
r2	=	.65,	 p	<	.001),	 and	 we	 found	 the	 same	 degree	 of	 concordance	
























on	 the	 whole	 soil	 fungal	 community	 (r2	=	.12,	 p	=	.073;	 Figure	1a)	
but	 subordinate	 fungal	 taxa	 were	 significantly	 affected	 by	 drought	
(r2	=	.27,	 p	=	.044;	 Figure	1c)	 and	 66	 of	 the	 208	 subordinate	 fun-
gal	 taxa	were	entirely	absent	 from	the	drought	treatments.	Drought	
also	altered	bacterial	community	structure	(r2	=	.2,	p	=	.02;	Figure	1b)	
but	 subordinate	 taxa	were	 not	 disproportionately	 affected	 (r2	=	.25,	
p	=	.033;	Figure	1d)	and	only	six	of	the	93	subordinate	bacterial	taxa	
were	entirely	absent	from	the	drought	plots.
There	was	moderate	 concordance	 between	 plant	 species	 and	
soil	microbial	community	composition	in	microsites	(Procrustes	cor-
relation:	m2	=	.81,	r2	=	.44,	p	=	.001	for	fungi	and	m2	=	.84,	r2	=	.4,	
p	=	.001	 for	 bacteria;	 Figure	2);	 the	 strength	 of	 the	 relationships	
decreased	 slightly	 when	 dominant	 taxa	 were	 excluded	 (m2	=	.88,	
r2	=	.34	and	m2	=	.86,	r2	=	.37	for	fungi	and	bacteria,	respectively).
Vector	 fitting	 of	microsite	 scores	 and	 plant	 trait	 data	 to	NMDS	
ordinations	 of	 soil	 microbial	 taxa	 revealed	 a	 significant	 correlation	
between	microsite	 characteristics	 and	 soil	 fungal	 (r2	=	.16,	p	=	.003)	
and	bacterial	 community	 structure	 (r2	=	.15,	p	=	.003),	but	 individual	
plant	 traits	explained	a	similar	or	greater	amount	of	variation	 in	soil	
microbial	communities	among	microsites:	Leaf	construction	cost	was	
the	 best	 predictor	 of	 shifts	 in	 community	 structure	 for	 both	 fungi	




tive	abundances	of	 subordinate	microbial	 taxa	were	 also	 associated	




















































































(a)  All fungi (b)   All bacteria
(c)   Subordinate fungi (d)  Subordinate bacteria
NMDS Axis 1
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4  | DISCUSSION
Long-	term	 climate	 treatments	 at	 Buxton	modified	 the	 communities	
of	 bacteria	 and	 fungi	 in	 the	 soil.	Whereas	 the	 relative	 abundances	
of	 dominant	 microorganisms	 were	 similar	 among	 treatments,	 we	
observed	changes	in	subordinate	fungal	and	bacterial	taxa.	We	found	
evidence	 for	 potential	 links	 between	 the	 observed	 changes	 in	 soil	
microbial	 community	 structure	 and	 specific	 traits	of	 the	plant	 com-
munities	within	microsites.
4.1 | Climate treatment effects on soil microbial 
community structure
In	 contrast	 to	previous	 studies,	we	 found	a	 strong	effect	of	drought	









































































































(b)  All bacteria



























(d)  Subordinate bacteria
NMDS Axis 1
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treatments,	which	was	largely	a	result	of	changes	in	the	relative	abun-
dances	of	subordinate	fungi	(Figures	1c	and	S2).	This	was	unexpected	





1. Changes	 in	 the	 abundances	 of	 fungal	 taxa	 may	 be	 more	 im-
portant	and	more	 readily	apparent	 in	grasslands	 such	as	Buxton,	
because	fungal	decomposers	are	more	important	in	systems	with	
low	 soil	 fertility	 and	 slow-growing	 perennial	 plant	 species	 (De	
Vries	 et	al.,	 2012b).	 Conversely,	 many	 of	 the	 studies	 reporting	
high	 resistance	 of	 soil	 fungi	 to	 drought	 were	 conducted	 in	 pro-
ductive	 grasslands	 with	 bacteria-dominated	 soil	 food	 webs	 (e.g.	
De	 Vries	 et	al.,	 2012a,b;	 Fuchslueger	 et	al.,	 2014).
2. To	our	knowledge,	our	study	is	the	first	to	distinguish	the	responses	
of	dominant	and	subordinate	microbial	 taxa	 to	 long-term	climate	
treatments.	On	the	one	hand,	the	dominant	taxa	were	largely	unaf-

















Drought	also	altered	bacterial	 community	structure	 in	 the	soil	but	
subordinate	 taxa	 were	 not	 disproportionately	 affected	 (Figure	1b,d)	
and	only	six	 taxa	were	entirely	absent	 from	the	drought	plots.	As	 the	
treatments	were	applied	during	two	summer	months	each	year,	the	high	






4.2 | Links between plant functional traits and soil 
microbial responses to change
Theoretically,	 the	 soil	 microbial	 communities	 at	 Buxton	 should	 be	
adapted	to	drought	because	they	naturally	experience	high	variation	
in	 soil	 moisture	 (Schimel	 et	al.,	 2007;	 Wallenstein	 &	 Hall,	 2012).	
Nonetheless,	17	years	of	chronic	summer	drought	altered	soil	micro-
bial	 communities	and	 the	 relationships	between	soil	microbial	 com-
munity	 structure,	 plant	 species	 composition,	 and	 plant	 traits	within	
the	microsites	at	Buxton	provide	evidence	to	support	our	hypothesis	
for	 indirect	 effects	 of	 climate	 change	 on	 soil	 microbial	 community	




by	 slow-	growing,	 stress-	tolerant	 plant	 species	 in	 the	 drought	 plots,	
whereas	 the	plant	 traits	 in	 the	heated	plots	 reflect	 greater	produc-
tivity	of	more	competitive	species	(Fridley	et	al.,	2016).	We	hypoth-
esized	that	shifts	in	plant	traits	representing	the	quality	and	quantity	
of	 resources	available	 to	microorganisms	could	explain	some	of	 the	
observed	changes	in	soil	microbial	communities.
Changes	in	soil	microbial	communities	 in	the	drought	plots	were	
related	 to	 the	 high	 leaf	 construction	 cost	 of	 slow-	growing,	 stress-	
tolerant	 vegetation	 (Figures	1	 and	 3;	 Fridley	 et	al.,	 2011).	 Shifts	 in	
the	 relative	 abundances	 of	 microbial	 taxa	 could	 therefore	 reflect	




bacteria	 were	 related	 to	 differences	 in	 plant	 C:N	 ratios	 (Figure	3).	












resource	 quality,	 rather	 than	with	 particular	 plant	 species.	 Species-	
rich	 plant	 assemblages	 have	 high	 chemical	 diversity,	which	 requires	











As	 the	 aim	 of	 our	 study	 was	 to	 investigate	 the	 possibility	 of	
indirect,	 biotic	 effects	 of	 climate	 changes,	 we	 collected	 soil	 sam-
ples	when	no	treatments	were	actively	being	applied;	this	precludes	
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analysis	of	seasonal	changes	in	microbial	communities	but	ensured	
comparable	 soil	 temperature	 and	 soil	water	 content	 among	 treat-
ments	 (Fridley	 et	al.,	 2016).	We	 found	 evidence	 of	 links	 between	
plant	 traits	 and	 soil	microbial	 communities	 despite	 the	 breadth	 of	
microbial	functional	groups	included	in	our	community	fingerprints;	
the	seemingly	small	effect	sizes	in	our	study	are	unsurprising,	given	
the	 high	microbial	 diversity	 and	 the	 potential	 influence	 of	 numer-
ous	soil	physical	and	chemical	properties.	Soil	pH	 in	particular	has	




2011)	 or	 a	 direct	 effect	 of	 differences	 in	 soil	 depth.	Nevertheless,	
plant	C:N	 ratios	 explained	 a	 greater	 proportion	of	 the	variation	 in	
soil	 bacteria	 compared	 to	microsite	 characteristics	 (soil	 depth	 and	
pH)	 and	 the	 carbon	construction	costs	of	plant	material	 explained	
an	equivalent	amount	of	variation	in	both	bacterial	and	fungal	com-
munity	 structures.	 In	 addition,	 the	 effect	 of	microsite	was	weaker	





cies	 composition	 and	 microbial	 community	 structure	 in	 our	 study	
provides	evidence	for	plant-	mediated	effects	of	climate	change	on	
soil	microbial	communities	and	the	links	to	specific	plant	traits	sug-




Our	 study	 highlights	 the	 importance	 of	 considering	 long-	term	 and	
indirect	 effects	 of	 climate	 changes	 on	 soil	 microbial	 communities,	
especially	 in	 nutrient-	poor	 systems	 with	 slow-	growing	 vegetation.	
Whereas	climate	changes	can	rapidly	modify	the	abiotic	environment,	
comprehensive	 shifts	 in	 community-	level	 plant	 functional	 traits	 are	
likely	 to	 become	more	 relevant	 and	more	 apparent	 over	 time.	 The	
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